Information processing by brain circuits depends on Ca 2+ -dependent, stochastic release of the excitatory neurotransmitter glutamate. Recently developed optical sensors have enabled detection of evoked and spontaneous release at common glutamatergic synapses. However, monitoring synaptic release probability, its use-dependent changes, and its underpinning presynaptic machinery in situ requires concurrent, (Fig. 1a ).
Abstract
Information processing by brain circuits depends on Ca 2+ networks. However, in many central circuits glutamate release occurs with a low probability and a high degree of heterogeneity among synapses 1, 2 . Therefore, methods to probe presynaptic function in an intact brain aim to reliably detect presynaptic action potentials, record the presynaptic Ca 2+ dynamics, and register release of individual glutamate quanta with high temporal resolution and broad dynamic range. The optical quantal analysis method went some way toward this goal, by providing quantification of release probability at individual synapses in brain slices 3, 4 . In parallel, advances in the imaging techniques suited to monitor membrane retrieval at presynaptic terminals have enabled detection of synaptic vesicle exocytosis in cultured neurons 5 . Recently developed optical glutamate sensors 6, 7 have drastically expanded the sensitivity and the dynamic range of glutamate discharge detection in organised brain tissue 8 . However, such methods on their own cannot relate neurotransmitter release to presynaptic Ca 2+ dynamics, which is the key to understanding presynaptic release machinery, as demonstrated in elegant studies of giant synapses permitting direct electrophysiological probing [9] [10] [11] .
Furthermore, conventional methods of optical detection based on fluorescence intensity measures face multiple challenges when applied in turbid media such as organised brain tissue. Registered emission intensity can be strongly affected by focal drift, 15, 16 .
RESULTS

FLIM readout of red-shifted Cal-590 reports low presynaptic Ca
2+
In search of suitable red-shifted Ca 2+ indicators we tested and excluded the classical rhodamine-based dyes: they appear highly lipophilic, a property undesirable for imaging in axons where free cytosolic diffusion is required to obtain sufficient indicator level away from the soma. Because the fluorescein-based, red shifted Cal-590 was previously found to provide reliable Ca 2+ monitoring for deep brain imaging in vivo 14 , we set about testing the Ca 2+ sensitivity of its fluorescence lifetime, particularly for twophoton excitation at λ x 2p ~910 nm, alongside the green glutamate sensor iGluSnFR 6, 7 .
We discovered a clear dependence between the Cal-590 fluorescence lifetime and
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[Ca 2+ ] using a series of Ca 2+ -clamped solutions, as described previously 17, 18 (Fig. 1a ).
This dependence was most pronounced around λ x 2p ~ 910 nm ( Supplementary Fig. 1a) and appeared largely insensitive to temperature (and associated viscosity changes) between 20-37ºC ( Supplementary Fig. 1b 17, 18 .
Quantitative calibration of Cal-590 showed the greatest sensitivity in the 0-200 nM range (Fig. 1b) .
To verify that this approach could be applied in axons traced in organised brain tissue, we turned to organotypic hippocampal brain slices. Because Cal-590 could not be reliably used for axon tracing (due to its weak emission at low baseline [Ca 2+ ]) we employed the bright fluorescence of iGluSnFR, under conditions of sparse cell labelling.
We biolistically transfected iGluSnFR in slice preparations (Methods), patch-loaded iGluSnFR-expressing CA3 pyramidal cells with Cal-590 (300 µM), and traced their axonal boutons for at least 150-200 microns from the cell soma, towards area CA1 (Fig.   1c) . We imaged the axonal bouton of interest using a spiral ('tornado') scanning mode (Fig. 1c, bottom) , which we showed to enable rapid (1-2 ms) coverage of the bouton area during single sweeps 8 . Thus, to assess the dynamic range of Cal-590 FLIM readout in situ, we recorded both intensity and lifetime decay of the axonal signal in low Ca 2+ resting conditions (for ~400 ms), followed by a 50 ms, 100 Hz burst of spikes evoked at the soma (Fig. 1d) , which should reliably saturate the indicator 19, 20 .
Comparing the respective Cal-590 fluorescence decay curves confirmed a wide dynamic range of [Ca 2+ ] sensitivity (Fig. 1e) , consistent with the calibration data in vitro (Fig. 1a-b) . indicators including Cal-590 14 .
We thus found that the kinetics of the recently developed glutamate sensor variant SFiGluSnFR.A184S 7 was suited to reliably report quantal release of glutamate from at least four axonal boutons simultaneously ( Fig. 1f-g ). The indicator provided stable recordings, with no detectable photobleaching, over multiple trials, thus enabling direct readout of release probability at multiple synapses from the same circuitry (Fig. 1h ).
Simultaneous monitoring of quantal glutamate release and presynaptic Ca
2+ dynamics
Equipped with Cal-590 calibration and optimal iGluSnFR kinetics, we set out to simultaneously monitor glutamate release and presynaptic Ca 2+ at individually traced axonal boutons of CA3 pyramidal cells, as described above (Fig. 1c, Fig. 2a ). To document basal presynaptic function and its short-term plasticity, we recorded fluorescent responses to a short burst of four evoked action potentials at 20 Hz, a pattern of activation which falls well within the range documented for CA3-CA1
connections in vivo 21 .
For method illustration purposes, fluorometric responses for glutamate and Ca 2+ were analysed in two boutons supplied by the same axon. The signals were fully 7 chromatically separated (Fig. 2b ) and readily reported individual quantal releases of glutamate in single-sweep recordings, with high resolution and excellent signal-to-noise ratio (Fig. 2c) . The average glutamate release kinetics indicated a much higher release efficacy in bouton 1 compared to bouton 2, which corresponded to the relative shortterm depression and facilitation, respectively, shown by the two synapses (Fig. 2d) .
Reassuringly, the quantal size (iGluSnFR signal corresponding to the release of one glutamate vesicle) remained stable throughout the trials ( Supplementary Fig. 2a ).
In the Cal-590 channel, the emission intensity reporting the average presynaptic Ca However, when we compared axonal boutons between iGluSnFR-expressing CA3 pyramidal cells loaded, and not loaded, with Cal-590, the average detected release probabilities were indistinguishable ( Supplementary Fig. 2b ). This observation suggests that Cal-590 loading did not affect synaptic properties and lends further support to the physiological relevance of the method (see Discussion for details).
Nanoscopic co-localisation of presynaptic glutamate release and Ca 2+ entry
Action potentials arriving at the presynaptic bouton drive open local Ca 2+ channels: the ensuing rapid Ca 2+ entry triggers neurotransmitter release, in a probabilistic fashion.
The effective distance between the (predominant) Ca 2+ entry site and the release triggering site (SNARE protein complex) is considered a key factor in determining release probability hence synaptic efficacy 15, 16, 22 . What this typical distance is, whether it changes in a use-dependent manner, whether the loci of presynaptic Ca 2+ entry and glutamate release 'migrate', and whether different modes of release (spontaneous as opposed to evoked) correspond to different loci remain highly debated issues.
To understand whether these issues could be approached by multiplex imaging in the current context, we looked at the nanoscopic features of the optical settings employed.
Here, individual axonal boutons express a membrane-bound (green) glutamate sensor and a cytosolic (red) Ca 2+ indicator (Fig. 3a) . The inherent blur in the imaged bouton is due to the fact that excitation and emission follow the 'probability cloud' set by the system's point-spread function (PSF), which is determined in large part by the optical diffraction limit. In a well-tuned two-photon excitation microscope, the PSF is expected (Fig. 3c , middle). The noise can be reduced using multiple image exposure whereas the PSF centroid (or its brightest part) could provide simple 'stochastic localisation' of the signal origin (assuming that its location remains unchanged) (Fig. 3c, right) .
In an attempt to implement this approach, we first mapped (20-trial average) the iGluSnFR signal across the visible axonal bouton (Fig. 3d, top) . However, this image
represents an x-y projection of the fluorescence signals originating from the axonal surface (see above and Fig. 3b) . Thus, the signal registered near the visible bouton edges will strongly overestimate its intensity in 3D, which can be illustrated by a 9 projection of a sphere with an even distribution of surface points (Fig. 3d, bottom) . The underlying geometry indicates that, for any selected point in the projected image the factor to correct such overestimation is cos(φ) (spherical coordinate; Fig. 3e , top;
Supplementary Fig. 3a-b) . The latter could be readily estimated from the point position relative to the visible bouton boundary ( Supplementary Fig. 3a-b) . By implementing this correction factor we therefore obtained localisation of the expected glutamate release site(s) on the nanoscale (Fig. 3e, bottom; Supplementary Fig. 3c ; see Discussion for the uncertainties involved).
In contrast, the average fluorometric intensity signal for Ca 2+ (Fig. 3f) should scale with the volume of the indicator within the bouton (Fig. 3b) . However, the corresponding FLIM readout does not depend on the indicator volume or signal intensity and therefore should provide unbiased, albeit noisy, event localisation in the x-y plane (z localisation remains uncertain). Again, reducing the noise through multiple exposures enables nanoscopic localisation of Ca 2+ entry (Fig. 3g) 10 .
Importantly, the kinetics of the glutamate sensor variant SF-iGluSnFR.A184S (as well as the kinetics of Cal-590) used in this study were well suited to monitor release probability at multiple synapses supplied by the same axon. Thus, the method enables 
Release of glutamate involves membrane fusion of a 40 nm synaptic vesicle, generating a sharp diffusion neurotransmitter gradient inside and outside the cleft 23, 34 . Similarly, Ca 2+ entering presynaptic boutons through a cluster of voltage-gated Ca 2+ channels dissipates orders of magnitude at nanoscopic distances from the channel mouth 15, 16, 22 .
Thus, when the respective fluorescent indicators are present they should in both cases generate a nanoscopic signal hotspot. In recorded images such hotspots will be blurred by the microscope's PSF and the inherent experimental noise. However, the noise could be reduced by repeated imaging whereas the PSF maximum (or centroid)
coordinate normally provides 'stochastic localisation' of the signal point source. Taking advantage of these simple principles, we were able to show that the present method 13 could, in theory, provide localisation of the preferred regions of glutamate release and Ca 2+ entry sites, beyond the diffraction limit.
In the case of small axonal boutons, this procedure has to account for two important uncertainties. Firstly, the extent of the microscope's PSF in the z direction (0.8-1.2 µm)
is compatible with the bouton size, which is further exacerbated by any focus fluctuations. In the x-y plane, however, laser scanning 'resolution' is below the diffraction limit thus providing roughly uniform excitation across the bouton. This suggests that the mM Glucose and the antibiotics penicillin (100U/ml) and streptomycin (100 µg/ml), three to four slices were transferred onto each 0.4 µm pore membrane insert (Millicell-CM, Millipore, UK), kept at 37ºC in 5% CO2 and fed by medium exchange for a maximum of
days in vitro (DIV).
Biolistic transfection of iGluSnFR variants
Second generation iGluSnFR variants SF-iGluSnFR.A184S and SF-iGluSnFR.A184V 7 were expressed under a synapsin promoter in CA3 pyramidal cells in organotypic slice cultures using biolistic transfection techniques adapted from manufacturer's instructions.
In brief, 6.25 mg of 1.6 micron Gold micro-carriers were coated with 30µg of SFiGluSnFR plasmid. Organotypic slice cultures at 5DIV were treated with culture media containing 5 µM Ara-C overnight to reduce glial reaction following transfection. The next day cultures were shot using the Helios gene-gun system (Bio-Rad) at 120psi. The slices were then returned to standard culture media the next day and remained for 5-10 days before experiments were carried out.
Axon tracing and imaging in single or multiple pre-synaptic boutons
We Pre-synaptic imaging was carried out using an adaptation of pre-synaptic glutamate and Ca 2+ imaging methods previously described 8 . Cells were first identified as iGluSnFR expressing using two-photon imaging at 910 nm and patched in whole cell mode as above. Following break-in, 30-45 minutes were allowed for Cal-590 to equilibrate across the axonal arbour. Axons, identified by their smooth morphology and often tortuous trajectory, were followed in frame scan mode to their targets and discrete boutons were identified by criteria previously demonstrated to reliably match synaptophysin labelled punctae 37 .
For fast imaging of action-potential mediated iGluSnFR and Cal-590 fluorescence transients at single boutons a spiral shaped ("tornado") scan line was placed over the bouton of interest (described further in the text), which was then scanned at a sampling frequency of ~500 Hz with excitation at 910 nm. For multi-bouton imaging point-scans were made with a temporal resolution ~250 Hz; usage described further in text and ] is narrower than that for the optimal excitation wavelength of 910 nm (Fig. 1a-b) . ] sensitivity for Asante Calcium Red, Cal-520, and ruby-nano, as indicated: the first two were evaluated using the standard FLIM calibration procedure as in a-b whereas Calcium ruby-nano was tested in situ (axonal bouton, CA3 pyramidal cell, organotypic hippocampal slices), by comparing its fluorescence decay in resting conditions (black) and during peak intensity response to a burst of four action potentials (at 20 Hz, red), as indicated; recordings at λ x 2p = 910 nm, 33ºC. Figure 2 . Quantal size dynamics and the effect of Cal-590 dialysis on release probability.
Supplementary
(a) Trial-to-trial dynamics of the iGluSnFr signal representing a single quantum of glutamate release from bouton 1 and 2 (shown in Fig. 2) . Abscissa, trial number (in bouton 2, traces after the 12th trial showed no detectable glutamate release). Ordinate, average ΔF/F fluorescence signal of iGluSnFr per one release quantum; the value was calculated by measuring the time-average ΔF/F signal over the time interval corresponding to four evoked spikes (250 ms, onset at the foot of first Ca 
